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A B S T R A C T   
The addition of nanofillers to composites has attracted great attention since it adds multifunctional potential. 
However, the presence of nanofillers inside a composite may cause a more complex response in many situations, 
e.g. damage accumulation processes, and this response poses extra challenges in the development of reliable 
numerical approaches. In this work, a three-step multiscale modelling strategy was used to investigate the 
mechanical properties and damage accumulation of plain-weave aramid-epoxy composites with hybrid nano-
fillers (carbon nanotubes and graphene nanoplatelets). First, the mean-field method was employed in a micro-
scale model to provide the elastic modulus of the matrix with nanofillers inside. The mechanical properties of 
such a matrix were then used to predict the global mechanical properties of aramid-epoxy composite using 
mesoscale models. Finally, those predictions were added as input to a homogeneous material model used to 
replicate a more complex loading condition (low-velocity tests), for which the direct use of the mesoscale 
approach is not feasible. In the latter, the mechanical properties of aramid-epoxy composite with nanofillers have 
been modelled using MAT_162 in LS-DYNA. The agreement between the experiments and simulations with 
regards to the loading curves and damage phenomena can thus validate the presented approach. In addition, the 
effect of nanofillers on the mechanical properties and damage evolution of the woven composites in low-velocity 
impact has been discussed. Finally, the present work can be helpful to improve the awareness in the design of 
innovative materials by means of predictive modelling approaches.   
1. Introduction 
Recent developments in materials engineering have shown that 
adding nanofillers to fibre reinforced polymer composites can add 
multifunctional capabilities, which may include enhanced mechanical 
behaviour. Regarding impact resistance, woven composites with nano-
fillers have attracted great attention since composite structures may be 
exposed to impact loading during their service life. Low-velocity impacts 
are considered a threat because they may provoke barely visible damage 
which drastically reduces the load bearing capability of the impacted 
structures (Nor et al., 2018). In the work of Rahman et al. (2018), for 
instance, the effect of nanoclay and graphene inclusions on the 
low-velocity impact resistance of aramid-epoxy composites has been 
discussed. Indeed, an investigation of the dynamic response of woven 
composites with nanofillers is helpful for the exploitation of such 
structures in critical tasks. 
Even though experimental methods are very useful, numerical 
methods are also attractive because the complicated accumulation and 
interaction of different damage mechanisms can be analysed in detail. A 
constituent-based approach may give a better understanding of the 
physical phenomena, but it is unable to replicate complex phenomena 
that involve a relatively large portion of material. While a multiscale 
model may be very effective, and is, therefore exploited in the present 
article: a mean-field method in microscale is used to provide the updated 
elastic modulus of the matrix with nanofillers inside, followed by a 
mesoscale model that accounts for the fibre and the enriched matrix, 
finally reaching a homogeneous material model in structural level. 
Modelling the matrix with nanofillers remains a challenge due to the 
complicated distribution (Y. Li et al., 2019b) and geometry of nanofillers 
(Sánchez-Romate et al., 2019). Theoretical methods are more efficient 
and applicable compared with time-consuming finite element (FE) 
models (Alian and Meguid, 2018). One of the most famous theoretical 
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methods is Mori-Tanaka, which can be used to calculate average stress 
and strain in composites under simple loading conditions. Nevertheless, 
Pierard et al. (2004) concluded that a direct Mori-Tanaka homogeni-
zation should be avoided for high accuracy, proposing an improved 
two-step Mori-Tanaka/Voigt process, which has been widely applied for 
the estimate of mechanical properties of nanocomposites (Arora and 
Pathak, 2019), especially in linear-elastic cases (Doghri and Tinel, 2005; 
Pierard et al., 2004). 
Replicating the mechanical behaviour of woven composites with 
dispersed nanofillers is also a challenge. So far, mesoscale modelling is 
one of the most effective methods in the study of the failure mechanism 
of fibre-reinforced composites. Through separate modelling of fibre and 
matrix, the mechanical properties of composites under tensile and shear 
loading can be accurately estimated (Giannaros et al., 2017; Zhao et al., 
2019). However, the application of a mesoscale model on more 
complicated loadings in large structures is troublesome due to the 
complex generation of a FE model and the large computational costs. 
Even so, related numerical work can be found in the literature (Bresciani 
et al., 2016; Scazzosi et al., 2018). Besides, mesoscale models are mostly 
used to collect mechanical properties data for building enhanced ho-
mogeneous models (Kinvi-Dossou et al., 2018; Ma et al., 2019), espe-
cially parameters that cannot be experimentally obtained. 
Homogeneous approaches to modelling composite materials and 
structures are very popular because of their capability to replicate the 
main features even in complicated loading cases, including low-velocity 
impact (LVI). However, the complex damage interaction (X. Li et al., 
2019a) and the physically long contact time can lead to extensive cal-
culations. The combined use of nanofillers adds further difficulties since 
damage accumulation can be significantly affected by their presence 
(Liang, 2019) or the associated increase of voids (Liebig et al., 2015; 
Mehdikhani et al., 2019). In addition, some mechanical parameters, 
such as the tensile strength along the thickness direction (Gama et al., 
2005), and damage parameters to describe the accumulation of different 
failure mechanisms, are required as input of homogeneous models, but 
some of them are difficult to be experimentally obtained. Therefore, 
insufficient experimental characterization remains a difficulty for ho-
mogeneous models. A multi-step study based on modelling approaches 
with fitting parameters from available experimental data has been re-
ported (Arash et al., 2019), indicating that a numerical model may help 
to provide sufficient data. Such methods are always widely employed to 
investigate nanocomposites as data at nanoscale are hard to obtain 
through experiments (Baek et al., 2019). With various modelling 
methods proposed at different scales and loading conditions (Bian et al., 
2020), accurate results can be obtained (Genckal and Seidel, 2020). 
Considering material models used at macroscale, advanced damage 
models for the homogeneous approach have been developed to replicate 
experimental data and exploit damage mechanisms, such as MAT_162 in 
LS-DYNA (Jordan et al., 2014), whose damage parameters (i.e., soft-
ening coefficients) can be empirically tuned by test validation. 
The present study aims at presenting an effective multiscale model, a 
mean-field method for microscale (matrix with nanofillers), mesoscale 
modelling (woven composites with dispersed nanofillers) and finally a 
homogeneous approach (MAT_162 of LS-DYNA) on the macroscale, to 
study the LVI behaviour of plain-woven aramid-epoxy composite with 
hybrid nanofillers (combination of carbon nanotubes and graphene 
nanoplatelets), which paves the way for the design of nanomaterials by 
means of a virtual framework. Details of the process of this work are 
presented in Fig. 1. The microscale model is described in Section 2, 
followed by a description of the mesoscale model, Section3 and the 
macroscale homogenous model, Section 4. Section 5 summarises the 
work and contains the conclusion. 
2. Microscale modelling for matrix with nanofillers 
2.1. Material preparation 
The Kevlar™ 29 plain-weave fabric used, with a density of 1440 kg/ 
m3 and a thickness of 0.50 mm, was kindly supplied by DuPont. The 
matrix used was a DGEBA resin, Ampreg 26 from Barracuda Composites, 
due to its low viscosity and long gel time, with a high Tg hardener. The 
multi-walled carbon nanotubes (CNT) used were provided by Chengdu 
Organic Chemicals Co. (diameter range: 10–30 nm, length: ≈30 μm and 
85% purity), and the graphene nanoplatelets (GNP) were provided by 
Strem Chemicals Co. (thickness: 6–8 nm, width: 25 μm). 
The nanoparticles were dispersed in a solution of 60% acetone and 
40% ethanol using an ultrasonic sonicator mixer VibraCell VCX750 
(frequency: 20 kHz) with an amplitude of 250 W for 45 min, repeatedly 
vibrating for 25 second (s) followed by a 10 s pause. Both nanoparticles 
were added simultaneously in a weight ratio of 1:1, and the resulting 
solution was evenly poured over both sides of the previously dried 
fabric, achieving a random and homogeneous distribution of nanofillers. 
Then, eight layers of fabric were positioned and sealed for the vacuum 
infusion process. After infusion, the resin was cured for 24 hours (h) at 
room temperature and post-cured for 6 h at 80 ◦C (as recommended by 
the resin manufacturer). Specimens were then cut from the laminate 
using a Waterjet Cutter machine. Samples manufactured following the 
aforementioned process has been utilised in all experimental activities of 
the present work. 
Fig. 1. The flowchart of the present work.  
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2.2. Mean-field method 
The mean-field method, which is mostly applied to components with 
non-uniform orientation (Doghri and Tinel, 2005), was used to theo-
retically obtain the material properties of composites containing more 
than one material. The mean-field homogenization method comprises 
three steps, as shown in Fig. 2. Firstly, decomposition was conducted to 




vi = 1 (1) 
Herein, the inclusions are classified into N phases with volume 
fractions vi, i ∈ (0,N], while v0 is the volume fraction of the neat mate-
rial. Moreover, inclusions with the same orientation, determined by the 
orientation distribution function ψ i(p), and the same shape, based on the 
aspect ratio Ari , were considered in the same pseudo-grain (phase i). 
Then, the mechanical properties of each pseudo-grain were predicted 
using the Mori-Tanaka method. Finally, a homogenization scheme ac-
cording to Voigt (“Digimat User’s Manual,” 2018) was used to represent 
the global material property. More details of the mean-field method can 
be obtained in the references (“Digimat User’s Manual,” 2018; Doghri 
and Tinel, 2005). 
Overall, the combined Mori-Tanaka/Voigt method is applied here 
rather than the direct Mori-Tanaka method. This choice was made as the 
direct Mori-Tanaka method is practically unable to replicate the me-
chanical behaviour of composites reinforced by inclusions with different 
shapes, because it fails to meet the required symmetries and may pro-
vide a non-symmetric overall stiffness tensor. Besides theoretical anal-
ysis, related works validated with experimental data or FEM model were 
also conducted with various particle-based composites under both 
simple (Pierard et al., 2004) and cyclic loading conditions (Doghri and 
Tinel, 2005), and they draw the same conclusion about the good accu-
racy of the combined Mori-Tanaka/Voigt method. 
2.3. Modelling strategy 
In order to build the matrix with nanoparticles in microscale, the 
aspect ratio Ar and the diameter D in the plane vertical to the axis of 
revolution were utilized to describe the geometry of carbon nanotube 
(CNT) and graphene nanoplatelet (GNP). Ar is given by L/D, where L is 
the length along the axis of revolution. According to the datasheets 
(“Digimat User’s Manual,” 2018), ArCNT = 1500 and DCNT = 20 nm for 
CNT, whereas ArGNP = 3.2 × 10− 4 and DGNP = 2.5 × 104 nm for GNP. 
Furthermore, the actual modulus for the 0.5 wt.% hybrid-nanofiller 
composite varied from 4707 to 4821 MPa, i.e. a deviation of ~1.5% 
with respect to the value used in this work. In this study, two overall 
weight fractions of hybrid nanoparticles (0.5 wt.% or 1.0 wt.%) were 
used in the experiments. Regarding the material models, the 
linear-elastic response was employed for each component (i.e. matrix, 
CNT and GNP) of the model and the material properties were: ρmatrix =
1.11g/cm3, ρCNT = 2.60g/cm3 and ρGNP = 2.60g/cm3, while Ematrix =
3.92 GPa, ECNT = 1.0TPa and EGNP = 2.0TPa (Arora and Pathak, 2019; 
E-composites, n.d.; Tiwari and Syväjärvi, 2015). 
The mean-field method was used to determine the mechanical 
properties of the matrix considering the complicated distribution of the 
nanofillers, and its output was the elastic modulus. Failure strain was not 
considered because it was reported that nanofillers showed only a 
negligible effect on this property (Mayoral et al., 2013). The strain range 
to calculate the elastic modulus is within 0.3% as recommended in 
(HEARN and HEARN, 1997). Moreover, in order to investigate how 
different nanofillers affect the mechanical properties of the matrix, 
models for a matrix with either CNT or GNP were also built for the same 
weight fraction, i.e. 0.5 wt.% and 1.0 wt.%. 
2.4. Results and discussion of microscale modelling 
As shown in Fig. 3, the elastic modulus of the matrix is improved 
when the weight fraction is increased, namely 21.6% and 43.2% for 
0.5 wt.% and 1.0 wt.% hybrid nanofillers, respectively. Numerical and 
experimental results in the literature present an increase in the modulus 
within ~12–20% (Alian et al., 2016; Y. Li et al., 2019b; Omidi et al., 
2010), for polymers with a similar weight fraction of CNT, or with 
30–50% of GNP (Cataldi et al., 2016; Lahiri et al., 2012). Based on that, 
the effect of the hybrid nanofillers on the modulus obtained by the 
microscale model was considered reliable. 
Regarding the comparison of CNT, GNP and hybrid nanofillers in the 
matrix, the highest modulus was observed with just GNP, followed by 
the hybrid, while CNT showed the least effect, 5% lower than that of 
GNP. This observation is in concordance with experimental results re-
ported in the literature (Schuster et al., 2017). Although the addition of 
hybrid nanofillers is not the best option to improve the mechanical 
properties of the matrix, according to our numerical results, it can 
achieve an outperformed distribution of nanofillers inside the matrix 
Fig. 2. Description of the mean-field homogenization process.  
Fig. 3. Comparison of estimated stress vs. strain curves for the matrix with 
CNT, GNP or hybrid nanofillers from the mean-field method. 
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based on (Li et al., 2013). Thus, a mixture of CNT and GNP were used 
here in the present work considering the significant effect of the nano-
fillers’ distribution. 
3. Mesoscale modelling for aramid-epoxy composite with 
nanofillers 
3.1. Material tests 
In order to obtain the mechanical properties of the composites with 
0, 0.5 or 1.0 wt.% hybrid nanofillers, tensile, compressive and shear tests 
were performed for thin samples (thickness 2.5 mm). Tensile tests were 
carried out according to the ASTM D3039 at a loading rate of 2 mm/min 
with two extensometers monitoring strain in orthogonal directions and 
using a strain gauge of 100 mm (specimen dimensions: 250 × 25 mm). 
Compression tests were conducted according to the ASTM D6641 at a 
loading rate of 1.3 mm/min with a strain gauge of 13 mm (specimen 
dimensions: 13 × 2.5 mm), and the V-notched rail shear test was carried 
out at 2 mm/min based on ASTM D7078 to obtain in-plane shear 
properties by monitoring strain at the centre region of the specimen. 
More details on sample dimensions and the test procedure can be found 
in the referred standards. Five samples were tested in each test direction, 
i.e. warp and weft. 
Experimental data from tensile and shear tests were used to validate 
the mesoscale model, aiming at providing a reliable prediction of the 
mechanical parameters including out-of-plane shear properties. The 
compressive properties were directly used as input for the homogeneous 
model described in Section 4. 
3.2. Numerical model 
A representative volume element (RVE) of the geometric structure of 
the Kevlar™ 29 fabric was used in this work, with dimensions 3.0 ×
3.0 × 0.5 mm according to (Ma et al., 2020a). The width of the yarn is 
1.50 mm (similar to the manufacturer data, 1.51 ± 0.02 mm), see Fig. 4. 
The numerical model of samples was generated with a voxel mesh, 
whose accuracy has been proven (Ma et al., 2019), using TexGEN, a 
textile geometric modeller developed by the University of Nottingham 
(Long and Brown, 2011). The FE model was meshed with a total of 192, 
000 (80 × 80 × 30) constant stress solid elements. Comparison of the 
cross section of the model and the actual sample (see Fig. 4) indicated 
good reproducibility. It should be added that microscopic observations 
have shown that the main dimensions are rarely affected by the intro-
duction of nanofillers. 
The generated FE model was then used as input in LS-DYNA. The 
material model MAT_002 (MAT_ORTHOTROPIC_ELASTIC) was used for 
Kevlar™ 29 fibre bundles to describe the transverse isotropic behaviour. 
The parameters of the Kevlar™ fibre are listed in Table 1., with the 1- 
axis being the direction along the tows. As for the matrix, MAT_001 
(MAT_ELASTIC) was employed and details are reported in Table 2. The 
standard linear elastic mechanical behaviour can be regarded as a 
simplification for the complex polymer behaviour but with acceptable 
accuracy for this thermoset resin. It has been proven that this assump-
tion gives reliable numerical results under simple loading conditions, 
especially when considering the complex geometrical features of the 
mesoscale model (Ma et al., 2019). The elastic modulus for the matrix 
with 0.5 wt.% and 1.0 wt.% hybrid nanofillers were obtained from the 
microscale model using the mean-field method described in Section 2. 
The maximum principal stress for the fibre and equivalent threshold 
strain for the matrix were used as failure criteria for element deletion in 
the FE model through ADD_EROSION in LS-DYNA and the related pa-
rameters are listed in Tables 1 and 2. It is worth mentioning that the 
in-plane and out-of-plane shear modulus of the fibre is regarded as the 
same here on the basis of the work presented in (Tessitore and Riccio, 
2006). 
The interface between fibre and matrix was modelled through a 
tiebreak contact in LS-DYNA. In this model, the interface remains tied 
until the stress of the interface satisfies Equation. (2). When Dcontact is 
Fig. 4. Model for the woven composite compared with the actual sample.  
Table 1 
Mechanical properties of Kevlar™ 29.  
Property Description Value 
ρ (kg/m3)  Density 1440 (Dupont, 2017) 
E1 (MPa)  Elastic modulus along 1-axis 
(along tows) 
83,000 (Dupont, 2017) 
E2 = E3 (MPa)  Elastic modulus along axes 2 
and 3 
1340 (Palta and Fang, 
2019) 
G12 = G13 = G23 
(MPa)  
Shear modulus 2900 (Tessitore and 
Riccio, 2006) 
σf (MPa)  Failure stress 3880 (Dupont, 2017)  
Table 2 
Mechanical properties of Epoxy Ampreg 26 (matrix).  
Property Description Value 
ρ (kg/m3)  Density 1110 (E-composites, n.d.) 
E0 (MPa)  Elastic modulus for neat matrix 3920 (E-composites, n.d.) 
E0.5 (MPa)  Elastic modulus for 0.5 wt.%-hybrid 
matrix 
4769a 
E1.0 (MPa)  Elastic modulus for 1.0 wt.%-hybrid 
matrix 
5614a 
εf  Failure strain 0.0321 (E-composites, n. 
d.)  
a obtained in Section 2.  
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more than one, the interface starts failing and the tiebreak contact is 
transformed into a normal contact (“LS-DYNA Keyword User’s Manual,” 
2018). In Equation. (2), σn and σs are normal and tangential stresses, 
respectively, while NFLS and SFLS are the failure strength of the inter-
face along tensile and shear directions, being equal to 62.8 MPa and 











≥ 1 (2) 
An uniform displacement was applied on the RVE (Ma et al., 2019), 
and CONSTRAINED_NODE_SET in LS-DYNA was used to ensure equal 
displacement of all nodes in a particular surface under loading. Tensile 
and shear loading conditions were investigated with the displacement 
loaded vertical (for tension) or parallel (for shear) to the loading surface 
of the RVE. 
3.3. Results and discussion of mesoscale modelling 
In order to validate the implemented mesoscale model, numerical 
results for tensile loading were compared with experimental data in 
Fig. 5, for neat resin fibre composites and composites with 0.5 wt.% and 
1.0 wt.% hybrid nanofillers, in which the experimental data were pre-
sented in a scatter band to present the variations among five samples for 
each case of tests. The stress-strain curve matched the experimental data 
for the neat resin fibre composites well (Fig. 5(a)), with a difference 
between simulation and experimental value of 2.5% for modulus and 
7.1% for strength as reported in Table 3. The percentage difference was 
calculated using the mean value of the experimental data as a reference 
value. This tiny difference indicates the reliability of the present 
Fig. 5. In-plane tensile stress-strain curves for 0 wt.% including the failure process (a), and the curves for 0.5 wt.% (b) and 1.0 wt.% (c) nanofillers.  
Table 3 
Summary of mechanical parameters from experimental and simulated results.  
Loading condition 0 wt.% 0.5 wt.% 1.0 wt.% 
Experiment Simulation Experiment Simulation Experiment Simulation 
Tension Modulus (MPa) 15220 ± 1120 14833 19678 ± 498 18258 19240 ± 804 18898 
Strength (MPa) 380 ± 14 353 384 ± 32 353 486 ± 17 360 
Shear Modulus (MPa) 1557 ± 117 1691 1647 ± 101 1764 1651 ± 62 1840 
Strength (MPa) 30.2 ± 2.5 38.8 38.0 ± 3.9 41.2 32.5 ± 1.9 45.0  
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mesoscale model. The damage process of the composite, as the stress 
distribution presented in Fig. 5(a), shows that delamination occurred 
early, but this did not affect its mechanical response, in accordance with 
the results of Doitrand et al. (2015). On the contrary, matrix cracking 
caused a stress drop and locally affected the slope. It should be 
mentioned that the elastic modulus was calculated prior to matrix 
cracking. Moreover, matrix cracking started at the thinnest matrix re-
gions in the FE model, the weakest point of the entire composite struc-
ture due to the low strength of the matrix. Fibre breakage occurred when 
the strength of the structure was reached at the edge of the fibre-to-fibre 
contact region (see Fig. 5(a) on the right). Regarding the aramid-epoxy 
composite with hybrid nanoparticles (see Fig. 5(b)(c)), an increased 
reinforcement on strength, due to the presence of the nanoparticles, was 
found experimentally (Li et al., 2013), and the simulated strain-stress 
curves also corresponded with the experimental data. 
The simulated and experimental results for in-plane shear loading 
are reported in Fig. 6. An offset strain of 0.2% was regarded as shear 
strength according to the ASTM D7078. The shear modulus was calcu-
lated at early loading, before the change in slope occurred numerically 
and experimentally. As shown in Fig. 6(a), for neat composites, the 
elastic modulus was in good agreement with the test results, where a 
difference of 8.6% can be found, as listed in Table 3, while the strength 
was higher but still comparable to the experimental data. As for the 
damage process, the matrix started to crack at similar locations as tensile 
cases, leading to the decrease in slope of the stress-strain curve. 
Considering that the shear loading is mainly carried by the matrix, 
maximum shear stress occurred just before matrix collapse. A similar 
damage process was observed for 0.5 wt.% and 1.0 wt.% 
nanocomposites. 
The improvement in shear properties with the addition of nano-
particles was not as significant as that for tensile properties. Both 
modulus and strength matched the experimental data well, within a 10% 
deviation for the 0.5 wt.% nanocomposite, and a larger deviation for the 
1.0 wt.% nanocomposite. This is likely to be a consequence of extra 
scatter resources induced during the tests for samples with a high weight 
fraction of nanoparticles, such as agglomeration and non-uniform dis-
tribution (mostly for a higher weight fraction of nanofiller), that affect 
the mechanical properties, especially shear. Thus, the numerical result 
for the 1.0 wt.% was also considered acceptable. 
Generally, it can be found that there is always deviation between the 
numerical and experimental results, which is due to the uncertain fibre 
architecture introduced during manufacturing, as discussed in (Ma et al., 
2021). Hence, the present mesoscale model was therefore considered 
validated under tension and shear, and it was then used as a “virtual 
testing environment” to derive other tensile/shear mechanical proper-
ties, such as through-thickness and out-of-plane properties which are 
usually hard to obtain from experimental material tests. Furthermore, 
the numerical results from the mesoscale model provide the input of the 
Fig. 6. In-plane shear stress-strain curves for 0 wt.% including the failure process (a), and the curves for 0.5 wt.% (b) and 1.0 wt.% (c) nanofillers.  
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tensile/shear properties for the homogeneous numerical model as 
described in the section below. 
4. Macroscale modelling for low velocity impact 
4.1. Experiments 
The low-velocity impact test was performed according to ASTM 
D7136. The force was recorded with a load cell Quartz Force Link Type 
9331B, while the impact velocity was collected with a two-flag-prong 
photoelectric sensor model E3FALP21 from OMRON. The mass of the 
impactor was 2.303 kg to reach 30 J and 4.185 kg for 45 J. It should be 
highlighted that the experimental data shown here was filtered based on 
the method provided in ASTM D7136. More details of the LVI test can be 
found in (González-Jiménez et al., 2019). 
4.2. Numerical model 
In this section, a homogeneous model was built to mimic the LVI and 
the MAT_162 model was also applied to the simulation of the damage 
accumulation. As a 3D intra/inter-ply continuum damage material 
model, MAT_162 enables the capture of seven different damage modes 
and the post-damage softening of composites. MAT_162 involves 
empirical damage parameters to describe the material softening 
behaviour induced by different failure mechanisms. These parameters 
make the model potentially fitted for defining a progressive damage 
model that considers a composite reinforced by nanofillers, allowing for 
an efficient trial-and-error approach that has been exploited in the 
present work. For woven composites, the tensile and shear damage 



























where C is the thickness direction, E and G are the elastic and shear 
moduli, respectively, S is the strength and ε is the strain in the relative 
direction, while rt is the damage threshold. Damage is present when rt 
reach the value of 1. 










Basic parameters in MAT_162 for aramid-epoxy composite.  
Parameter Neat aramid-epoxy 
composite 
aramid-epoxy composite with 0.5 wt.% 
nanofillers 
aramid-epoxy composite with 1.0 wt.% 
nanofillers 
RO Density (kg/m3) 1440 (Dupont, 2017) 
EA = EB  Elastic modulus of A-axial and B-axial 
direction (MPa) 
14833 18258 18898 
EC  Elastic modulus of C-axial direction (MPa) 1744 1814 1868 
GAB  Shear modulus of AB-plane (MPa) 1691 1764 1840 
GBC =
GCA  
Shear modulus of BC-plane and CA-plane 
(MPa) 
1037 1106 1159 
STA  Tensile strength along A-axial (MPa) 353 353 360 
SCA  Compressive strength along A-axial (MPa) 94.3
a 97.2a 106.1a 
STB  Tensile strength along B-axial (MPa) 353 353 360 
SCB  Compressive strength along B-axial (MPa) 112.6
a 108.3a 116.1a 
STC  Tensile strength along C-axial (MPa) 20.4 20.5 22.1 
SAB  Shear strength of AB-plane (MPa) 38.8 41.2 45.0 
SBC =
SCA  
Shear strength of BC-plane and CA-plane 
(MPa) 
13.2 13.8 15.2  
a Experimental results from Section 3.1.  
Fig. 7. Model used and results of the mesh sensitivity analysis.  
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The matrix carries most shear loading and is prone to fail under 








Furthermore, initiation of delamination mechanism in the matrix is 
determined by a quadratic interaction among the through-the-thickness 
Fig. 8. Effect of the damage parameters in MAT_162 on reactive force and displacement history: (a) m1 and m2 (for m3 = 0.5, m4 = 0.5, OMGMX = 0.994); (b) m4 
(for m1 = m2 = 2.0, m3 = 0.5, OMGMX = 0.994); (c) OMGMX (for m1 = m2 = 2.0, m3 = 0.5, m4 = 0.5). 
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where Sf is the scale factor to control the delamination area to fit the 
experimental data and SSRC is the stress factor under compression. 
When the interface is under compression, the damage surface of the 
delamination is closed, but the shear strength changes according to the 
Mohr-Coulomb theory (Equation. (9)). 
SSRC =Ectan(φ)(− εc) (9)  
where φ is the Coulomb’s friction angle, which is equal to 10◦ for 
aramid-epoxy composite (Li et al., 2015). 
Damage accumulation is also included in the numerical model 
MAT_162, which uses a reduction in material stiffness to account for the 
degradation in mechanical properties of the composite. After the failure 
criterion is satisfied, the stress-strain relationship is modified to Equa-
tion. (10) to consider the damage effect. 
σij =E0ij(1 − Dmat)εij (10)  
where E0 is the initial elastic modulus of the composite; Dmat is the 
damage variable which is different from damage generated under ten-
sile/compression (see Equation. (11)). Thus, the effect of the damage is 
considered in terms of modified stress-strain relationships. Regarding 
the damage progress determination, the damage evolution law shown in 
Equation. (11) is employed according to the typical continuum damage 
mechanics applied in MAT_162, which uses a softening coefficient m. 









Four softening coefficients control the different failure modes, m1 
and m2 for fibre axial damage, m3 for fibre shear damage and m4 for 
matrix and delamination damage. Damage evolution yields a residual 
modulus based on OMGMX in MAT_162 (Equation. (12)). When E = Er, 
damage evolution ceases and the modulus remains stable as Er until the 
element is deleted, which is defined by the volume strain, EEXPN, in 
MAT_162. 
Er =E0(1 − OMGMX) (12) 
The parameters for aramid-epoxy composite with and without 
nanofillers used in MAT_162 in the present study are reported in Table 4. 
All parameters, especially the tensile modulus/strength along the 
thickness and out-of-plane shear modulus/strength, were obtained 
through the previous mesoscale model except the compressive param-
eters, which were obtained from tests due to the lack of compressive 
property of the fibre bundle for the mesoscale analysis. Herein, the strain 
rate effect was ignored due to relatively low deformation speeds 
occurring on the specimens in LVI (Heimbs et al., 2009; X. Li et al., 
2019a). 
Regarding the numerical model and boundary conditions, depicted 
in Fig. 7, the model replicated the tested composite samples, in which 
each layer is 0.55 mm thick. A mesh sensitivity study was carried out 
using a FE model with 33,200 constant stress solid elements (size equal 
to 0.75 mm) to represent one composite layer, as shown in Fig. 7. The 
mechanical parameters were obtained from the neat aramid-epoxy 
Fig. 9. Simulated (with Set-A) and experimental curves for ~30 J impact energy for neat aramid-epoxy composite (a) and aramid-epoxy composite with 0.5 wt.% 
nanofillers (b). 
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composite, and the damage parameters were set as: m1 = m2 = 2.0, 
m3 = m4 = 0.5, OMGMX = 0.994 and EEXPN = 4.0. These values are 
intended for the mesh sensitivity study only, and the search for refined 
parameters is presented below in Section 4. The results showed that the 
force peak started to converge when the mesh size was equal to 
0.75 mm, with a much shorter computational time compared to 0.5 mm. 
Therefore, a 0.75-mm mesh was used for the present LVI simulation. 
A rigid body property was applied on the impactor assuming that 
there is no deformation during the entire loading process. The mass of 
the impactor was set as 2.303 kg for 30 J and 4.184 kg for 45 J. A quarter 
model was created with two fixed boundaries, also presented in Fig. 7, 
which replicated the experimental conditions, i.e. all-fixed boundary 
through a window fixture (González-Jiménez et al., 2019). Initial ve-
locity was added on the impactor to activate the simulation. Moreover, 
the stiffness-based hourglass formulation (IHQ = 4) with a coefficient of 
0.05 (QH = 0.05) was used to guarantee that the hourglass energy was 
less than 10% of the total energy, as suggested in (Maio et al., 2013). 
Fig. 10. Curves for impact energy of ~30 J: (a) Set-B for aramid-epoxy composite with 0.5 wt.% nanofillers (b), Set-B for aramid-epoxy composite with 1.0 wt.% 
nanofillers, (c) Set-C for aramid-epoxy composite with 1.0 wt.%. 
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4.3. Calibration of the material model 
In order to determine realistic damage parameters in MAT_162, 
especially for the LVI case, some key parameters, including m1, m2, m4 
and OMGMX, were investigated. The effect of these parameters on 
damage evaluation was introduced in Section 4.2. Also, m3 was set to 0.5 
as widely recommended in the literature (Jordan et al., 2014), and its 
effect was negligible in the present study. 
The neat aramid-epoxy composite was used to investigate the effect 
of the damage parameters in LVI tests. Fig. 8(a) and (b) show that the 
softening coefficient, i.e. m1, m2 and m4, increased as the force peak of 
LVI reduced and deformation of the composite increased, indicating a 
stiffness decrease and an accelerated damage process for each element. 
The effect of m4 was lower compared with m1 and m2 since the fibres 
carry most of the loads during impact. Regarding OMGMX, the effect 
was similar to softening coefficients, but the damage process was 
shortened, when OMGMX increased. As a result, the trend in force/ 
displacement history differed from the trend for the softening co-
efficients (there are intersections in Fig. 8(a) and (b), but not in Fig. 8 
(c)). 
As mentioned in Section 4.1, two energy values were investigated, 
30 J and 45 J. The results obtained for 30 J were used to calibrate the 
damage parameters in MAT_162, as discussed below. The results for 45 J 
were used to study the behaviour of the model during LVI of aramid- 
epoxy composite with nanofillers and are later discussed in Sections 
4.4 and 4.5. 
Based on the force-time and force-displacement curves for the neat 
aramid-epoxy composite obtained for 30 J, the damage parameters were 
determined as: m1 = m2 = 0.35, m3 = 0.5, m4 = 0.1, OMGMX =
0.999, EEXPN = 3.5 , named as Set-A. Kevlar™, an aramid fibre, is more 
ductile than many other fibres including carbon or glass, so the 
parameter (m1 and m2) should be small to represent this aramid feature. 
Simulations with Set-A and experimental results are compared in Fig. 9 
(a). The simulated curves matched LVI curves well, indicating that 
MAT_162 with the damage parameters Set-A was able to replicate the 
mechanical response of the neat aramid-epoxy composite. 
However, when Set-A was applied to the aramid-epoxy composite 
with 0.5 wt.% nanofillers, the simulated results were less satisfactory 
(Fig. 9(b)). A steeper slope (blue arrow) in force may have been caused 
by the higher stiffness of the material. The force peak value was in 
accordance with experimental data, but the onset of the peak was earlier 
(green arrow) than the experimental data. 
Based on the previous results, the m and OMGMX parameters should 
be lower to better replicate the tests. When m1 = m2 = 0.80, m3 = 0.5, 
m4 = 0.2, OMGMX = 0.988, EEXPN = 3.5, named as Set-B, there is 
good agreement between simulation and test results with less than 3% 
error on the peak force and less than 5% error on the contact time (see 
Fig. 10(a)). However, the use of the same damage parameters for the 
aramid-epoxy composite with 1.0 wt.% failed to provide satisfactory 
results. As shown in Fig. 10(b), a higher slope and an earlier force peak 
were again found, indicating greater stiffness for the material model 
with Set-B, and the predicted force drop was also higher than the 
experimental data due to the slower damage process. Thus, it leads to a 
higher m and/or reduced OMGMX, producing the Set-C, i.e. m1 = m2 =
1.50, m3 = 0.5, m4 = 0.4, OMGMX = 0.988, EEXPN = 3.5. The use of 
set-C parameters resulted in good agreement with experimental data for 
the aramid-epoxy composite with 1.0 wt.% based on the similar slopes 
(<1.0%) during the impact history, as presented in Fig. 10(c). 
The three sets of damage parameters used show an acceleration of 
the damage process when the nanofillers content increases. The micro-
graphs in Fig. 11(b) and (c) clearly show voids in the samples with 
nanoparticles, mostly next to the fibre bundles or between fibre bundles, 
while the neat aramid-epoxy composite is almost void-free, as shown in 
Fig. 11(a). These voids can severely affect the mechanical properties of 
composite materials (Liebig et al., 2015; Mesogitis et al., 2014), espe-
cially on the post failure response of crack/damage generation 
(Sánchez-Romate et al., 2020). Thus, for the present case, their effect 
mainly focuses on the damage process, instead of the peak loading 
Fig. 11. Micrographs showing voids in neat aramid-epoxy composite (a) and aramid-epoxy composites with a 0.5 wt.% (b) and 1.0 wt.% (c) nanofiller content.  
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carried by the samples, inducing an acceleration of the damage process 
with the increase of the nanofiller content due to the voids introduced by 
these nanofillers, which corresponds the prediction about damage pa-
rameters obtained for Mat_162. 
4.4. Results and discussion of macroscale modelling 
After calibration, the material model, MAT_162, should be able to 
predict the damage process of LVI for the composite with or without 
nanofillers also for an impact energy of ~45 J. This impact energy was 
chosen since the effect of the nanofillers on impact resistance is sup-
posed to be more significant under higher strain rate (Liang, 2019). 
The results obtained for ~45 J are shown in Fig. 12. The comparison 
of the experimental and simulated curves (Fig. 12(a)) shows an 
acceptable agreement. However, the plateau after the force peak showed 
a higher value in the simulation (time point D in Fig. 12(a)). Also, the 
contact time of the impactor (point E in Fig. 12(a)) was slightly shorter 
in the simulation. 
Fibre breakage occurred for the neat aramid-epoxy composite under 
this impact energy (Fig. 12(d)) and this indicates a more complex 
behaviour of the material, such as an energy release upon fibre breakage 
which is almost not replicated in the numerical model. Damage histories 
of the matrix and fibre are presented in Fig. 12(b) and (c), respectively. 
The matrix damage area was larger than the fibre damage due to the low 
Fig. 12. Simulation results and comparison with experimental data for neat aramid-epoxy composite: (a) Force-time and force-displacement curves; (b) matrix 
damage history; (c) fibre damage history along the long edge; (d) final fibre damage at the back side of the panel. 
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strength of the matrix, that is, the load was mainly carried by the fibre. 
The force peak occurred at point C, after which the force quickly 
dropped to the plateau as the matrix damage spread throughout the 
section along the short edge and as the fibre damage occurred (see point 
C in Fig. 12(b) and (c)). In addition, Fig. 12(c) shows that fibre damage 
initiated at the back side of the panel, due to the developed tensile stress 
in the fibre near the impact region. Fig. 12(d) shows the final shape of 
the damaged fibre in the back of the panel and the qualitative agreement 
further validates the present LVI model. In Fig. 12(d), the damaged fi-
bres are highlighted (see black circles). Their failure was due to strain in 
the loading direction (long edge), indicated by small black arrows, the 
total length of which represent the length of damaged region and 
Fig. 13. Simulation results and comparison with experimental data for aramid-epoxy composite with 0.5 wt.% nanofillers: (a) Force-time and force-displacement 
curves; (b) matrix damage history; (c) fibre damage history along the long edge; (d) fibre damage history along the short edge; (e) final fibre damage at the back 
side of the panel. 
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correlates well with the numerical results (marked by “L” in Fig. 12(d)). 
No fibre damage was noticed along the short edge thus fibre breakage 
along the long edge absorbed most of the energy. This was also noticed 
in the simulation, which agreed well with the experimental results on 
damage prediction. Herein, we considered the deformation along the 
long edge as the direction of fibre breakage. 
For nearly the same impact energy, the aramid-epoxy composite with 
nanofillers seemed to perform better since no sudden force drop occurs 
in the simulated results, resembling the experimental data shown in 
Fig. 13(a). This indicates that less fibre breakage occurred compared to 
the neat composite (see Fig. 13(e)). Matrix damage occurred in the 
sample near the clamp region (after point B in Fig. 13(b)) as also 
observed in experiments, owing to the higher strength of the composite 
with the nanofillers. Also, matrix damage throughout the section 
induced a drop in force (points B and C in Fig. 13(a) and (b)). And almost 
no fibre damage occurred until the force peak was reached (Fig. 13(c) 
and (d)). 
Compared with the neat aramid-epoxy composite, more load was 
Fig. 14. Simulation results and comparison with experimental data for aramid-epoxy composite with 1.0 wt.% nanofillers: (a) Force-time and force-displacement 
curves; (b) matrix damage history; (c) fibre damage history along the long edge; (d) fibre damage history along the short edge; (e) final fibre damage at the back 
side of the panel. 
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carried by the sample with nanofillers since fibre damage was postponed 
due to the introduction of the nanofillers. Fibre damage ceased after 
point D, while matrix damage saturation occurred earlier, at point C. 
Comparing with the final state of the tested aramid-epoxy composite 
with 0.5 wt.% nanofillers (Fig. 13 (e)), the present model was able to 
replicate the damage morphology with respects to the fibre breakage. It 
is important to highlight that a very detailed comparison like the com-
parison presented in Fig. 13(e) is critical since the modelling approach 
considers the constituent of the composite in a homogeneous fashion. 
Bearing this in mind, the modelling results shown in Fig. 13(e) are 
remarkable. 
The simulated force-time and force-displacement curves (Fig. 14(a)) 
and the final fibre damage state (Fig. 14(e)) agreed with the experi-
mental results for the composite with 1.0 wt.% nanofillers. The me-
chanical property outperformed that of the neat aramid-epoxy 
composite since no sudden drop of force was seen in Fig. 14(a), indi-
cating the ability of bearing the loading, specifically with regards to the 
peak force, for a composite with nanofillers is outstanding. Matrix 
damage saturation at point B (Fig. 14(b)) occurred earlier than for the 
composite with 0.5 wt.% nanofillers. Also, fibre damage initiated at the 
load peak, shown in Fig. 14(c) and (d), like the composite with 0.5 wt.% 
nanofillers. 
For all the cases under an impact energy of 45 J with various weight 
fractions of nanofillers, the numerical results cannot perfectly fit 
experimental data, especially with respect to the permanent deforma-
tion of the targets. This indicates the limitation of the current numerical 
method: the absence of plasticity of the aramid-fibre-reinforced com-
posites. Existing works provide the possibility to use a modified theo-
retical model (Lim et al., 2020) or a molecular dynamic simulation (Park 
and Cho, 2020) to precisely model the plasticity of the materials, but 
such methods require longer calculation time and more input data. The 
current method can achieve a high efficiency with an acceptable 
accuracy. 
Table 5 summarizes the effect of the nanofillers on impact resistance 
for an impact energy of ~45 J. The small differences between the 
experimental data and simulated results validate the reliability of the 
present approach. The simulated absorbed energy reported in Table 4 
was mainly caused by damage accumulation, while the plasticity- 
induced energy absorption was ignored in Mat_162. Addition of nano-
fillers decreased energy absorption, and lead to an increase in force 
peak, induced by the presence of defects inside the samples, which 
hinder the enhancement of the mechanical properties provided by the 
adding of nanofillers. A damage volume concept was applied here to 
evaluate the total absorbed energy. An elliptical cone was used to 
evaluate the permanent deformation based on the shape of the front side 
of the sample near the impactor after the LVI test, as shown in Fig. 15. 
The semi-major and semi-minor axes values (a and b in Fig. 15) were 
measured in the samples along the length and width, respectively, while 
height (h in Fig. 15) of the cone was obtained through residual 
displacement in the last stage of the force-displacement curves. Based on 
these geometrical parameters for the damage shape, the damage volume 
caused by the punch was calculated and reported in Table 5. Addition-
ally, the damage volume of the samples (see Table 5) decreased with the 
increase in nanofiller content. Based on these results, the addition of 
nanofillers can increase the stiffness of the composite (as an increase in 
force peak and a decrease in damage volume) because nanofillers can 
improve the load bearing capability of the matrix as previously reported 
(Ma et al., 2020b). However, the absorbed energy is reduced as the 
nanofiller content increases mainly due to the presence of defects 
introduced by the manufacturing process used to introduce the 
nanofillers. 
5. Conclusions 
A three-step multiscale modelling approach was used in the present 
work to investigate the mechanical properties of aramid-epoxy com-
posites with nanofillers (CNT and GNP). At the nanoscale, the matrix 
with CNT, GNP and hybrid (i.e. CNT + GNP) was investigated using a 
mean-field method. The prediction of the elastic modulus of the matrix 
with nanofillers was then added as input to a mesoscale model, which 
was then used to numerically estimate the mechanical behaviour of the 
aramid-epoxy composite with different nanofiller contents. For the 
macroscale model, the homogeneous material model, MAT_162 in LS- 
DYNA, was employed to replicate LVI tests. LVI tests at an impact en-
ergy of 30 J were used to calibrate the damage parameters of the com-
posite, while the experimental results at 45 J were used to validate the 
present multiscale modelling approach and to investigate the effect of 
nanofillers on the impact resistance. The multiscale modelling method 
was shown to be more efficient, costing around 1 hour for the low- 
velocity impact simulation with six CPUs (I7–875K 2.93 GHz 4 core/8 
threads – 16 GB RAM) in the present study. Besides high efficiency, the 
current method can be applied to replicate the mechanical behaviour of 
nanocomposite purely in a virtual environment, providing a possible 
development on the virtual design of the materials. 
The main conclusion can be summarized as follows: (i) the proposed 
three-step multiscale method provides potential applications on the 
virtual material design to obtain required material data, and it can be 
used to simulate large nanocomposite structures subjected to impact 
loading conditions; (ii) adding nanofillers to an aramid-epoxy composite 
can increase the peak load in view that nanofillers improve the capa-
bility of the matrix to carry load and transfer it to the aramid fibre, 
which can also lead to a decrease of the damage volume; (iii) attention 
should be paid to the void content during the manufacturing process of 
composites reinforced by nanofillers, which may help to improve the 
impact resistance. 
Fig. 15. Schematic of damage volume caused by LVI test.  
Table 5 
Summary of experimental and simulated results of the absorbed energy, force peak and damage volume for an impact energy of ~45 J.   
Absorbed energy (J) Force peak (kN) Damage volume (mm3) 
neat 0.5 wt.% 1.0 wt.% neat 0.5 wt.% 1.0 wt.% neat 0.5 wt.% 1.0 wt.% 
Experiment 32.6 24.1 23.3 8.7 10.45 10.4 255.4 128.3 74.5 
Simulation 34.1 22.6 21.0 8.05 9.9 9.9 392.0 138.2 61.6  
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